Abstract: Although magnetoencephalography (MEG) and electroencephalography (EEG) have been available for decades, their relative merits are still debated. We examined regional differences in signal-to-noise-ratios (SNRs) of cortical sources in MEG and EEG. Data from four subjects were used to simulate focal and extended sources located on the cortical surface reconstructed from high-resolution magnetic resonance images. The SNR maps for MEG and EEG were found to be complementary. The SNR of deep sources was larger in EEG than in MEG, whereas the opposite was typically the case for superficial sources. Overall, the SNR maps were more uniform for EEG than for MEG. When using a noise model based on uniformly distributed random sources on the cortex, the SNR in MEG was found to be underestimated, compared with the maps obtained with noise estimated from actual recorded MEG and EEG data. With extended sources, the total area of cortex in which the SNR was higher in EEG than in MEG was larger than with focal sources. Clinically, SNR maps in a patient explained differential sensitivity of MEG and EEG in detecting epileptic activity. Our results emphasize the benefits of recording MEG and EEG simultaneously. Hum Brain Mapp 30:1077-1086, 2009. V V C 2008 Wiley-Liss, Inc.
INTRODUCTION
Although a growing number of clinical methods are available for observing brain activity noninvasively, only two provide millisecond scale temporal resolution with centimeter or better spatial resolution: electroencephalography (EEG) and magnetoencephalography (MEG). Despite being generated by similar neural sources, MEG and EEG signals differ, suggesting that recording both simultaneously is beneficial [Babiloni et al., 2004; Barkley and Baumgartner, 2003; Iwasaki et al., 2005; Knake et al., 2006; Leijten et al., 2003; Lesser, 2004; Lin et al., 2003; Lopes da Silva et al., 1991; Pataraia et al., 2005; Wood et al., 1985; Yoshinaga et al., 2002; Zijlmans et al., 2002] . However, partly due to the higher cost of an MEG system, neurophysiologists and clinicians are hesitant to adopt the technology, citing studies that conclude the differences in the source localization accuracy between MEG and EEG are minor [Baumgartner 2004; Cohen et al., 1990; Liu et al., 2002] . Conversely, those with experience in MEG often do not record EEG simultaneously, relying on evidence of MEG's more precise localization capabilities Leahy et al., 1998 ], thereby reducing substantially the pre-recording preparation time required for each subject.
An important potential application of MEG and EEG source localization is the presurgical evaluation of epileptic patients. Epilepsy affects up to 1% of the population in North America [Wiebe et al., 2001] . Approximately 20% of patients do not achieve adequate control of seizures with medication; many of them are candidates for surgery that can reduce or eliminate seizures [Pataraia et al., 2002; Wiebe et al., 2001] . Surgical outcomes are improved by identifying and locating epileptic spikes in MEG and/or in EEG [Ebersole and Pedley, 2002; Stefan et al., 2003 ]. An epileptic spike must exhibit high enough signal-to-noise-ratio (SNR) to be distinguished from background noise [Cobb, 1983; Iwasaki et al., 2005] , and to be localized accurately [Fuchs et al., 1998; Tarkiainen et al., 2003] . The SNR of observed brain activation in EEG and MEG depends not only on the sensor characteristics (type, placement, noise), but also on the location and orientation of the source.
A number of studies have examined sensitivities and expected SNR values of MEG and/or EEG [de Jong et al., 2005; Fuchs et al., 1998; Hillebrand and Barnes, 2002; Tarkiainen et al., 2003 ]. The present study extends and expands on previous work by incorporating the realistic shape of the cortical surface to impose an anatomical constraint on the locations and orientations of the sources. We examined the difference in SNR between MEG and EEG for each cortical location using both actual noise recordings and a simple noise model to better understand the generalizability of the results. We also compared the SNR of individual dipole sources to that of extended cortical patch sources, and related our findings to the differential detection of epileptic spikes in MEG and EEG.
METHODS

Data Acquisition
Four right-handed subjects (two females), aged 23-42, were included in this study. Each signed a consent form and a privacy statement in accordance with our Institutional Human Subject Research Board and HIPAA standards. High-resolution anatomical magnetic resonance images (MRI) were obtained with a Trio 3T scanner [Siemens Medical Systems, Erlangen, Germany] using MPRAGE pulse sequences (voxel size 1.3 3 1.0 3 1.3 mm 3 ; slice thickness 1.3 mm; TE 3.31 ms; TR 2530 ms; gap 50%; FOV 10 cm 3 10 cm) and FLASH images (flip angle 58; slice thickness 1.3 mm; FOV 10 cm 3 10 cm).
MEG and EEG data were acquired simultaneously with a Vectorview TM system [Elekta-Neuromag, Helsinki, Finland] from 204 planar gradiometers, 102 magnetometers, and 70 EEG electrodes (see Fig. 1 ). Two minutes of spontaneous activity was recorded, sampled at 600 Hz with hardware filters set at 0.1-200 Hz (Subjects 1 and 2) or 0.03-200 Hz (Subjects 3 and 4). The EEG data was transformed to the average electrode reference. Signal-space projection (SSP) was applied to magnetometer data [Tesche et al., 1995] to reduce background environmental noise. The noise subspace for SSP was selected as the three-dimensional space spanned by the eigenvectors corresponding to the three largest eigenvalues of the correlation matrix of a 5-min recording of data collected without a subject present; these correspond approximately to the homogeneous field components, typically originating from environmental (e.g., moving vehicles) sources far from the sensors. The locations of fiducial head points, EEG electrodes, and head-position indicator (HPI) coils were digitized using a FastTrack 3D digitizer [Polhemus, USA] . The location of the MEG sensor array with respect to the head was determined at the beginning of each measurement from the magnetic fields generated by the HPI coils.
The Forward Model
For forward modeling, we used a linear collocation three-layer boundary-element method with conductivity values: 0.3, 0.06, and 0.3 S/m for the brain, skull and scalp, respectively [Hämäläinen and Sarvas, 1989; Hämäläinen et al., 1993] . The surface of the skin, as well as the inner and outer surfaces of the skull were determined from the MRIs (see Fig. 1 ). Each surface was tessellated with 5120 triangles, providing adequate numerical accuracy [Crouzeix et al., 1999; de Jongh, 2005; Fuchs et al., 2001; Tarkiainen, 2003 ].
The cortical surface was reconstructed from the MRI data with about 130,000 vertices per hemisphere and an approximate vertex-to-vertex spacing of 1 mm using the Freesurfer software [Dale et al., 1999; Fischl et al., 1999a; Fischl et al., 2001; Segonne et al., 2004] . We computed the MEG and EEG signals predicted by the forward model for dipole sources oriented perpendicular to the gray-white matter boundary at each of the surface vertices.
Neural sources were assumed to be either point sources (current dipoles) or synchronously active patches. For dipolar sources, the source amplitude was 10 nAm; for patches, source strength was chosen to correspond to a uniform surface source density of 50 pAm/mm 2 [Hillebrand and Barnes, 2002; Lu and Williamson, 1991] . To create extended sources, the cortical surface was divided into two complete sets of centroids using the geodesic distanceweighted Dijkstra algorithm [Dijkstra, 1959] . The source patches had geodesic radii of 10 mm or 16 mm, corresponding to areas of 3 cm 2 or 8 cm 2 , respectively. 
Signal-To-Noise Ratio For Individual Sources
We defined the SNR for each source location (dipole or extended patch) in decibel units as:
where b k is the signal on sensor k provided by the forward model for a source with unit amplitude, a is the source amplitude, N is the number of sensors, and s 2 k is the noise variance on sensor k.
For the comparison of MEG and EEG, the differential SNR was defined as
Note that D is independent of source amplitude a. If the MEG SNR exceeds that of EEG, then D > 0; in the opposite case D < 0. For a combined MEG/EEG SNR map, max{SNR MEG , SNR EEG } was selected at each cortical location. Grand-average SNR maps across the subjects were computed using a spherical morphing procedure that is based on aligning sulcal and gyral features [Fischl et al., 1999b] . The percentage of cortical area where the SNR was higher in MEG than in EEG was determined by computing the fraction of sources for which D > 0. Note that under the assumption of additive Gaussian noise, averaging across evoked trials is equivalent to adding a constant to all SNR values in MEG and EEG, and thus will not influence the difference D maps.
Noise Estimation
The noise variance s 2 k used in the SNR calculations was obtained in two ways. In the first approach, the noise varianceŝ 2 k;recorded for each sensor was estimated from MEG and EEG recordings of spontaneous activity, filtered at 0.5-100 Hz. In the second approach, to reduce the influence of idiosyncrasies of the MEG and EEG sensors present during a specific session, we also used an alternative noise model based on uniform background brain activity. The model assumed a uniform spatial distribution of identical independent noise sources [de Munck et al., 1992] , oriented perpendicular to the cortical mantle. The amplitudes of the sources were assumed to have a Gaussian distribution with zero mean and variance s r SNR Maps for MEG and EEG r r 1079 r due to spontaneous brain activity [Ebersole and Pedley, 2002; Hämäläinen et al., 1993] , an instrumentation noise term was not included in our model. Under these assumptions, the noise variance for sensor k is
where A is the forward solution matrix computed for the noise sources with unit amplitudes, T indicates matrix transpose. For the computation of A, we decimated the dense triangulation of the cortex to an approximate intersource spacing of 7 mm. The unknown source variance s T Þ kk were determined separately for the MEG gradiometers, the MEG magnetometers, and the EEG channels. Medians were used to avoid accounting for outlier, or ''bad'' channels. The mean of the three median values, weighted by the number of channels in each sensor type, was taken as an estimate of s 2 s ; these were found to be similar for the four subjects (square root of s 2 s values: 1.6, 1.6, 1.6, and 1.9 nAm). Thereafter, sensor variancesŝ 2 k for MEG and EEG were calculated with Eq. 3 using that overall estimate of the source variance s 
RESULTS
Signal-To-Noise-Ratio Of Dipole Sources
MEG and EEG SNR maps, averaged over the four subjects, are shown in Figure 2 . For MEG, the SNR map showed high SNR on most superficial cortical regions, with lower SNR in deeper areas such as sulci on the lateral surface (in particular, the Sylvian fissure), interhemispheric cortex, and parts of the ventral cortex. The SNR was lowest near the center of the head. In addition, there were thin strips at the crests of gyri with low SNR. These corre- spond to areas where the source orientations are approximately normal to the nearby surface of the skull. For EEG, the SNR map is much more uniform than that of MEG. The SNR of EEG was low in the inferior frontal areas, probably due to an inadequate sampling of the scalp potential distribution with the present electrode array. The differences between the two modalities suggest that combined recordings can improve the overall SNR of cortical sources (Fig. 2, third row) .
A difference SNR map (D map, c.f. Eq. 2) is shown in Figure 3 . Deep areas, such as much of the medial surface of each hemisphere and the Sylvian cortex, and the crests of the gyri had a higher SNR in EEG. The frontal and occipital poles had a higher SNR in MEG, as well as most regions on the lateral surface. On the basis of the noise model, the average area (across subjects and hemispheres, excluding the ventricular surfaces) for which SNR was higher in MEG than in EEG was approximately 40% of total area of the cortex.
In Figure 2 and the two top rows of Figure 3 , the noise model was used. The bottom row of Figure 3 shows D maps recomputed using variances for each sensor estimated from recorded data. The average area of cortex for which the SNR is higher in MEG than in EEG was 55%, which is somewhat larger than that computed using the noise model. The SNR maps due to recorded noise in MEG and EEG (not shown) suggest that the additional area is due to higher MEG SNR values than predicted by the noise model.
Extended Sources
MEG/EEG signals are likely to arise from extended patches of active cortex [Ebersole and Pedley, 2002] . Figure 4 shows comparison maps generated based on dipoles and extended sources. The value assigned to a source location represents the number of subjects for which D > 0 at that point. For many superficial dipolar sources, the MEG SNR was consistently higher in all subjects. This pattern changed with source extent: as the extent increased, the total area of cortex that has higher SNR in MEG became smaller. Nonetheless, several regions had consistently higher SNR in MEG across subjects, including occipital pole, inferior occipital lobe, temporal pole, posterior temporal lobe, and frontal pole.
Clinical Example
To illustrate the practical implications of SNR maps, we present data from an epileptic patient. MEG and EEG were recorded simultaneously from a 38-year-old female with a hypothalamic hamartoma, suffering from intractable complex partial seizures since age 2. We observed frequent epileptic discharges independently from the left and right frontal-temporal regions. We selected two interictal spikes that appeared different in MEG and EEG (see Fig.  5 ). The first spike (A) was easier to identify in EEG traces, whereas the second spike (B) was easier to identify in MEG traces. Equivalent current dipoles were localized based on the EEG for spike A and on the MEG for spike B. These source locations were then examined using a difference SNR map between MEG and EEG for that patient's cortical anatomy to make post-hoc predictions about the SNR. At the obtained dipole locations, the D values based on recorded noise predicted the observed differences between MEG and EEG for both spikes. In contrast, the noise model based D maps (not shown) only predicted SNR difference for spike A. This suggests that the noise model overestimated the MEG noise level for that particular recording session and for that cortical location.
DISCUSSION
We employed realistic cortical geometry models to compare the SNR of cortical sources in EEG and MEG. The SNR maps were found to be complementary, suggesting that the highest overall SNR can be achieved by combined MEG and EEG recordings. Below, we first discuss the effect of various modeling assumptions, including tissue conductivity values, average vs. maximum SNR, number of sensors, and sensor noise estimates. We then consider the relationship between MEG and EEG and the properties of the sources in terms of the SNR maps.
Modeling Assumptions
Our forward model used commonly cited values for tissue conductivities . A recent study [de Jongh et al., 2005] used electrical impedance tomography [Goncalves et al., 2000] to identify the effective conductivities of the three tissue layers. In MEG, inaccuracy in conductivity values is a minor concern [Hämäläinen and Sarvas, 1989] , whereas in EEG, inaccuracies in the skull conductivity may significantly contribute to forward computation errors [Cohen and Cuffin, 1983; de Jongh et al., 2005; Okada et al., 1999b; Tarkiainen et al., 2003 ]. Since our noise estimates were either computed from the measured data or matched to the experimental sensor variances, the effect of the conductivity uncertainties on the noise estimates was minor. Recalculating the noise source variance without EEG, on average the difference in s s was less than 5% compared with the calculation that included EEG. This suggests that the uncertainty in the conductivity values had only little effect on the estimated noise source variance. However, if the true conductivity of the skull is higher or lower than that used in our forward model, our EEG SNR estimates are too large or too small, respectively.
We computed the average SNR across channels [Fuchs et al., 1998 ], rather than the maximum value of SNR [de Jongh et al., 2005] . The average and maximum SNR values will be more similar for widespread than for focal signal patterns. Therefore, our use of the average SNR is likely to bias the difference SNR maps towards larger relative values for EEG compared with MEG. It is important to take r SNR Maps for MEG and EEG r r 1081 r this into account when comparing the SNR across different sensor types. For example, differential recordings, such as bipolar EEG or gradiometric MEG have a more spatially focal signal pattern compared with the average reference EEG or magnetometric MEG, respectively. We chose the average SNR because this measure appears more relevant to the application of source localization techniques which generally benefit from several sensors exhibiting a high SNR.
Previous studies matched the number and locations of EEG electrodes and MEG sensors [Fuchs et al., 1998; Liu et al., 2002] . In contrast, we compared a 306-channel MEG system to a 70-channel EEG system, both of which are currently used in clinical studies of epileptic patients in our laboratory. There is evidence to suggest that these provide sufficient spatial sampling [Ahonen et al., 1993; Grieve et al., 2004; Lantz et al., 2003] ; therefore, the exact quantity and position of channels is expected to have little effect on the SNR maps.
To examine general features of the SNR maps, we used a noise model that only accounted for the contributions of uniformly distributed cortical noise sources, excluding instrumentation and environmental noise. In practice, however, it is preferable to use session-specific noise esti- mated from recorded data. The difference between the results obtained with the noise model and the recorded noise may be in part due to the fact that intrinsic background brain activity from focal sources is detected in a greater number of sensors in EEG than in MEG; therefore, regional sources (such as the alpha rhythm) have a spatial distribution that is more similar to that of a widely distributed noise source in EEG than it is in MEG. The eye blink, muscle movement, and cardiac artifacts were not included because they are of transient rather than random nature and can be either excluded from the data analysis or dampened by noise rejection techniques.
MEG and EEG
The SNR maps indicated complementary properties for MEG and EEG across the cortical surface, suggesting that combined recordings can be beneficial. The SNR of deeper sources, including those in the medial cortex and the insula, was larger in EEG, whereas the SNR of more superficial sources was often larger in MEG. Additionally, locations with source orientations normal to the inner skull surface (i.e., radial dipoles), such as the crests of gyri, are difficult to detect with MEG [Barkley and Baumgartner, 2003; Cohen, 1972; Cuffin and Cohen, 1979; Hämäläinen et al., 1993; Melcher and Cohen, 1988; Pataraia et al., 2002] . However, the attenuation of MEG SNR due to orientation is relevant to only $5% of the cortical surface [Hillebrand and Barnes, 2002] ; the majority of the differences can be accounted for by depth considerations.
Our results are consistent with previous studies where regional differences in MEG and EEG have been observed. Several studies have reported that MEG is not well suited for mesial temporal lobe epilepsy [Baumgartner et al., 2000; de Jongh et al., 2005; Leitjen et al., 2003; Lin et al., 2003; Shigeto et al., 2002] . Conversely, it has been noted that MEG can improve the diagnostic yield for sources in the lateral aspect of the temporal lobe [Baumgartner et al., 2000; de Jongh et al., 2005; Leitjen et al., 2003 ] and in frontal regions [de Jongh et al., 2005; Ossenblok et al., 1999] . It is important to note, however, that the MEG SNR may be critically affected by the positioning of the sensor array with respect to the head; in particular, large differences in signals from frontal sources have been demonstrated [Marinkovic et al., 2004] .
The SNR maps also help to better understand why sometimes certain epileptic spikes are detected only in one modality but not the other [Baumgartner et al., 2000; Iwasaki et al., 2005; Knake et al., 2006; Leitjen et al., 2003; Lin et al., 2003; Yoshinaga et al., 2002; Zijlmans et al., 2002] . In particular, as the sources that generate an MEG signal are, theoretically, only a subset (nonradial, superficial) of the sources that generate an EEG signal, it can be counter-intuitive that spikes are detected in MEG but not in EEG. However, not only the amplitude of the activity, but also the magnitude of noise affects the detectability of spikes in MEG and EEG. Indeed, signals that have been detected in one modality may also be identified in the other modality, but with low SNR [Yoshinaga et al., 2002 , Zijlmans et al., 2002 . Our patient data also demonstrated this. The SNR maps indicated that as the source extent grew from a dipole to extended sources of radius 10 mm (area 5 3 cm 2 ) and 16 mm (8 cm 2 ), the number of locations with SNR MEG > SNR EEG diminished. This is likely to reflect selective cancellation of signals from the tangential source components [Eulitz et al., 1997] . In our simulations we only varied the extent of the signal source, but kept the noise model unchanged. Therefore, the same trend towards larger relative SNR values for EEG compared with MEG would also be found with actual recorded noise (which is independent of the source model). However, if extended source patches were included in the noise model, this would be expected to compensate for the changes in the difference SNR maps, thereby increasing the relative SNR of MEG compared with EEG.
In general, if one assumes that the source density is approximately constant [Lu and Willamson, 1991] , a larger patch is expected to result in larger signals, thereby increasing the SNR. Our SNR maps for extended sources are consistent with previous reports of the size of activated are of cortex underlying detectable EEG and MEG signals. By some estimates, 6-10 cm 2 of cortex must be active for EEG to detect signals at the scalp [Ebersole and Pedley, 2002; Nunez, 1990] . A combined MEG and intracranial electrode study [Baumgartner et al., 2000] stated that a 4 cm 2 patch of cortex was invisible to MEG on the mesial temporal lobe, while an 8 cm 2 one was visible. In our study, 3 cm 2 (radius 10 mm) sources had a 10 dB lower SNR than the 8 cm 2 (radius 16 mm) sources in the mesial temporal lobe. However, the variability across cortical locations was large; for example, the difference between 3 cm 2 and the 8 cm 2 sources in the EEG SNR ranged from less than 1 dB to more than 10 dB. Therefore, it is important to consider not only the extent but also the anatomical location when assessing the detectability of cortical activation.
Clinical Implications
The results of this study have practical consequences in the clinical evaluation of patients with epilepsy prior to surgery. Because optimized localization results in better surgical outcome [Ebersole and Pedley, 2002; Stefan et al., 2003 ], seizure focus localization should be performed with the modality having the highest SNR for the given position. In addition, it can be employed to test that the head position was appropriate during a MEG recording. The SNR values critically depend on head position [Marinkovic et al., 2004] , therefore any focal source identified in unexpected cortical regions (such as an occipital focus identified when searching for a frontal focus) should be checked for high enough SNR to be considered reliable. Similarly, the SNR maps can be used as a more general marker of reliability -thus source positions with very low SNR cannot be considered as accurately localized as sources with high SNR. When noise is high, spurious signals could result in greater mis-localization for regions with low SNR, such as in deep cortical structures.
It is possible that a method for a combined MEG and EEG inverse model can be achieved by examining the SNR at each sensor. It could weigh channels from simultaneously collected MEG/EEG data on the basis of SNR per channel. Such a combined inverse model may improve the accuracy because estimates will rely on channels more directly affected by modeled sources. Patients who undergo MEG for presurgical evaluation routinely obtain simultaneous EEG; therefore, data for such a combined inverse solution would be easy to implement and could improve localizations.
Furthermore, we believe that knowledge of the SNR values for various cortical regions may be beneficial in the development of a more statistically rigorous source estimation technique for epileptic focus evaluation. Such an algorithm would use the reliability index from the SNR maps as well as the more traditional measures of error. The result would be a more clinically based test-one that could clarify the relative importance of an EEG/MEG source localization in the context of other imaging modalities (MRI, positron emission tomography, single photon emission computed tomography, functional MRI, etc) by assigning a probability of accuracy to source estimates.
CONCLUSIONS
The SNR maps were complementary for EEG and MEG, displaying regional differences among sources within the cortical surface. The noise model based only on uniform background brain activity was found to underestimate the SNR in MEG. With extended sources, the total area of cortex in which the SNR was higher in EEG than in MEG was larger than that with focal sources. The SNR maps help to better understand why epileptic activity is in some cases detected in one modality (EEG or MEG) only. The results suggest that combing EEG and MEG recordings is beneficial. In addition, there may be clinical utility to using SNR maps when evaluating patients with epilepsy presurgically both in order to optimize the localization and to put MEG/EEG localization in context with other structural and functional imaging modalities.
